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SUMMARY 


A study has been conducted of the feasibility of employing decoupling procedures 
to control a large flexible space antenna. Control involves commanding changes in 
the rigid-body modes or nulling initial disturbances in the flexible modes. Hie 
study is intended to provide preliminary engineering-type data, in parametric form, 
which would be useful in the final design of a large space antenna control system. 

The data illustrate the effect on control requirements of the number of modes con- 
trolled; of the number, type, and location of control actuators; and of variations in 
the closed-loop dynamics of the control system. A brief analysis is included which 
compares decoupled-control results with those obtained by using a linear quadratic 
regulator approach. Time history responses are presented to illustrate the effects 
of the control procedures. 


INTRODUCTION 

Hie operational status of the NASA space transportation system (STS) has opened 
a wide area for application of large antenna systems which can be deployed in space. 
Examples of relatively near-term missions utilizing these antennae include personal 
communication systems. Earth observation systems, radio astronomy systems, and elec- 
tronic mail systems. (See ref. 1.) In order to meet the stringent pointing and 
surface-contour requirements, extensive analysis is needed to develop efficient and 
reliable control-system designs for these systems. In the last several years, vari- 
ous methods of controlling the attitude and modal displacements of large space struc- 
tures have been developed and analyzed. Examples of these studies are given in 
references 2 to 5. References 2 and 3 apply decoupled and modern control theory 
approaches, respectively, to control of a long flexible one -dimensional beam in 
orbit. Reference 4 uses similar approaches for control of a two-dimensional flexible 
space platform, and reference 5 applies modern control theory techniques to control 
of a three-dimensional space antenna. 

This paper presents results of an antenna-control-system design procedure which 
utilizes linear decoupling theory. Hie 1 22-m-diameter hoop-column antenna (ref. 6), 
which can be deployed in a single STS flight, is used as the basis for the study. 

Hie hoop-column concept, shown in the sketch on page 2, consists of a deployable 
central column attached to a deployable hoop by cables in tension. Hie resulting 
structure has a large number of flexible modes in addition to the rigid-body rotation 
and translation modes. Decoupling theory is a convenient tool for devising control 
laws for such structures because the theory allows for independent control of each 
mode. For example, the rigid-body modes can be controlled without affecting the 
flexible modes. Hie theory also allows the feedback gains to be computed in closed 
form such that desired closed-loop dynamics are achieved while maintaining the inde- 
pendent control capability. 

The objectives of this paper are (1) to apply the decoupled analyses of refer- 
ences 2 and 4 to control of a three-dimensional large space antenna, (2) to provide 
preliminary engineering- type data which could be used in the final design of a 
decoupled-control system for a large space antenna system, and (3) to compare the 
decoupled results with those obtained with a linear quadratic regulator approach. 



Solar panels 


Hoop-column antenna 


Results are presented for various arrangements of control -moment gyros on the 
antenna column and for arrangements of reaction-control jets on the column or hoop. 
Control requirements in terms of maximum torque/force and total momentum/impulse are 
presented in relation to closed-loop dynamics, which cover a wide range of frequen- 
cies and damping ratios. Although the results presented are primarily for the three 
rigid-body rotation modes and up to six of the lowest frequency flexible modes, lim- 
ited results are included on the effect of controlling the three rigid-body transla- 
tion modes. Comparisons are given between the decoupled-control results and those 
obtained with the linear quadratic regulator approach for a number of cases using 
control-moment gyros on the antenna column. Time histories of control requirements, 
along with the ensuing modal responses, are presented to illustrate the effects of 
the control procedures. 

It should be noted that the results of this study represent the ideal perfor- 
mance of the decoupled-control approach, in that perfect estimates are assumed for 
the modal measurements required for feedback. In addition, the number of controllers 
equals the number of modes to be controlled in the system, and perfect controllers 
(no actuator dynamics included) are assumed. The important problem of stability in 
the presence of control and observation spillover due to the effects of uncontrolled 
modes (residual modes not included in the math model) is not included in this analy- 
sis. These effects are discussed in reference 7. 
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SYMBOLS AND ABBREVIATIONS 


A system matrix (eq. (B1)) 

A max maximum modal amplitude 

A n modal amplitude (eq. (3)), where n is the mode number (1, 2, 6) 

A s steady-state modal amplitude 

B control influence matrix (eq. (B1 ) ) 

B' lower half of B matrix (eq. (B1)) 

C matrix relating output (decoupled) vector to state vector (eq. (6)) 

CMG control -moment gyro 

c.g. center of gravity 

d displacement vector (eq. (4)) 

F feedback gain matrix (eq. (7) ) 

f force 

f force vector 

f^ . component of force, where i is the control direction, and j is the 

actuator location 

G feedforward gain matrix (eq. (7) ) 

g acceleration of gravity 

I moment of inertia matrix 

^ j impulse, where i is the control direction, and j is the actuator 

location 

I v , I„, I_ , I_„ center-of-gravi ty moments and product of inertia 

x y z xz 

J objective function (eq. (11)) 

K gain matrix (eq. (10)) 

L lever arm matrix (eqs. (A2) and (A3)) 

LQR linear quadratic regulator 

X distance (fig. 1) 

M i . angular momentum, where i is the control direction, and j is the 

' actuator location 



modal mass 


control-vector-weighting matrix (eq. (11)) 

state-vector-weighting matrix (eq. (11)) 

reaction-control system 

radius of hoop 

Laplace operator 

torque 

torque vector 

components of torque, where i is the control direction, and j is the 
actuator location 

natural period 

time 

time to damp to 1 percent of initial disturbance 
control vector (eq. (7)) 
input command vector (eq. (7)) 
weight 

coordinates of antenna center of gravity 
state variable 
state vector 

coordinates of modal data (fig. 1) 
output vector (eq. (6)) 

angle between actuators on antenna hoop (fig. 1) 
damping ratio 
desired damping ratio 
natural damping ratio 

rotation angle about X-, Y-, and Z-axis, respectively 
time constant 


mode shape matrix 


mode slope matrix 


4 ,- 


w 

frequency 

W d 

desired 

frequency 

OJ 

n 

natural 

frequency 


Subscripts: 
d desired 

flex flexible mode 

i,j i is the control direction, and j is the actuator location 

max maximum 

n mode number 

rb rigid-body mode 

A bar over a symbol denotes a vector or a matrix. 


MATHEMATICAL MODEL OF ANTENNA 

A large space structure such as the hoop-column antenna has, in theory, an infi- 
nite number of flexible (vibration) modes. To facilitate analytical treatment of the 
control problem, a finite order, linearized model was formulated. For the analysis 
of this report, the structural model was selected to contain from three to six of the 
lowest flexible modes of the 1 22-m-diameter hoop-column antenna, as described in 
reference 6. The three rigid-body rotation modes are included in the analysis, and 
limited results which include the three rigid-body translation modes are presented. 

The equations of motion used to represent the rigid-body and vibration modes of 
the antenna are given below. Details of their implementation for specific arrange- 
ments of control actuators are given in appendix A. 

Rigid-body rotations (for small angles) about the antenna center of gravity are 
represented by 
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Translations of the antenna center of gravity can be expressed as 



Variations in modal amplitudes of the flexible modes are represented by 


• 2 1 / T- ' - \ 

A + 2C U) A + U) A = l<J>f+<t) Tl (n = 1,2,...,6) (3) 

n nnn nn m\n n / 

n ' ' 

where f and T are vectors of control forces and torques, respectively, is 

the modal mass, 4> n is the column of the mode shape matrix relating to the nth 
vibration mode, and <t> n is the corresponding column of the mode slope matrix. (See 

appendix A for details.) It should be noted that A r values in equation (3) are 
modal amplitude displacement variables and do not represent actual physical displace- 
ments. The physical displacement at some point on the antenna would include linear 
combinations of the modal amplitudes and mode shapes and is given by the 
transformation 


d 


= <bA 

n 


(4) 


The mode shape and modg slope data used in the analysis were taken from unpub- 
lished results of a NASTRAN model of the 1 22-m-diameter hoop-column antenna system 
and are provided in table I. The data of table I consist of orthogonal mode shapes 
and slopes at four positions on the mast as well as mode shapes at increments of 15° 
around the hoop of the antenna. Thble II shows the weight and inertia properties of 
the antenna. The modal masses, frequencies, and natural damping ratios of the six 
flexible modes considered in the analysis are also given in table II. 


DECOUPLED CONTROL 

Since decoupling theory has been analyzed extensively in the literature (for 
example, see refs. 8 and 9), the discussion of this paper is limited to some general 
remarks concerning its application. Examples are given in appendix B to illustrate 
the manner in which the theory was applied to the system equations of the current 
analysis. Typical B, F, and G matrices for two six-control cases are shown in 
table III and are discussed subsequently. 
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The second-order equations in the analysis (eqs. (1) to (3)) can be reduced to 
first-order equations (state-vector form) and written as 


x = Ax + Bu 


( 5 ) 


The output vector y of states to be decoupled is defined as 


y = Cx 


( 6 ) 


where C is a matrix which selects the states to be decoupled. For the present 
analysis, the output vector is taken to be the entire state amplitude vector, so that 
complete decoupling is obtained for all modes in the model. Complete decoupling 
requires as many actuators as there are state amplitudes to be decoupled. 

The decoupling control law is taken as 


u = Fx + Gv 


(7) 


where v is the input command vector, and F and G are feedback and feedforward 
gain matrices, respectively. The output is related to the input through the transfer 
function H(s) by 


y (s ) = H ( s ) v ( s ) 


( 8 ) 


where y and v are of the same order. The circumflex in equation (8) indicates 
the Laplace transform and 


-1 

H ( s ) = C ( si - A - BF) BG 


(9) 


where I is the identity matrix. Decoupling theory provides a method for determin- 
ing the F and G matrices such that the transfer function H(s) is diagonal and 
nonsingular. Therefore, independent control is possible for each of the decoupled 
(output) variables. The dynamics of the transfer function can also be specified. 

This is important because the desired closed-loop dynamics of the decoupled variables 
having been specified, the transient and steady-state responses of the system are 
kncwn. For the present application, these responses are simply solutions to the 
second-order equations (e.g. , x + ^C^w^x + u^x = oo^v), where and are the 

desired closed-loop frequency and damping ratio, and v is the command. Although 
closed-form solutions to these equations exist for specified initial conditions and 
step commands, in the present analysis the system equations (eq. (5)) were integrated 
numerically by using the feedback law of equation (7). This was done to facilitate 
control requirement computations. Various methods exist for determining the feedback 
and feedforward gains required to achieve decoupling. For example, the computer 
program of reference 8, based on algebraic theory of linear systems, provides a 
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general purpose approach to the problem. In the examples of appendix B, the method 
of reference 9 was used because it gives insight into the nature of the decoupling 
process. 


Linear Quadratic Regulator Control 

In order to establish a standard for comparison of the decoupled-contro 1 
results, a limited analysis was made in which state feedback control gains were cal- 
culated by using the asynptotic linear quadratic regulator (LQR) approach of refer- 
ence 10. (Ref. 11 provides a computer program for performing these confutations. ) 
The control law for the LQR results was given by 


u = Kx (10) 


The control gain matrix was confuted subject to the constraint of equation (5) such 
that the following function was minimized: 

t 

J = lim / (x T Qx + u T Pu) dt (11) 

0 

Q and P are weightings on the states and controls; these weightings are varied in 
order to achieve the desired closed-loop dynamics. Decoupled and LQR comparisons in 
the present analysis are limited to control of the rigid-body rotation and first 
three flexible modes with six torquers on the antenna mast. 


Antenna Open-Loop Response 

Vibratory response characteristics of the antenna caused by initial disturbances 
in the modal variables and by step control inputs will now be summarized. The 
unforced transient behavior of the six vibration modes considered in the analysis 
(eq. (3) ) is presented in figure 2. Shown are the modal amplitude variations with 
time resulting from an initial displacement of 1 in. in each modal variable. These 
response characteristics and those for other assumed damping ratios are summarized in 
figure 3. Shown is the percent of initial displacement as a function of the number 
of cycles for various damping ratios. The time to damp to a certain percent can be 
determined from figure 3 by using the modal periods of table II. For example, mode 1 
(C = 0.01) requires 74 cycles or about 623 sec to damp to 1 percent of an initial 
displacement, whereas mode 6 requires 37 cycles, or about 41 sec, to achieve the same 
reduction in amplitude. Note that for Z > 0.59, vibrations will damp to 1 percent 
in less than 1 cycle. 

Vibratory response characteristics of the system to step inputs in torque or 
force are given in table IV. Columns two, three, and four of the table show the 
steady-state and peak values attained in the modal variables for a unity control 
input, mode shape (<(>), and mode slope (<(>'). Since the system is linear, the results 
given in columns two, three, and four of table IV can be scaled to represent other 
values for torque, force, mode shape, or mode slope. For example, the last two 
columns of table IV show the maximum steady-state amplitudes attained for a unity 
force input on the hoop or a unity torque input on the column. These values are 
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obtained by multiplying the second column of table IV by the largest values of $ 
or 4>* (table I) on the hoop or column, respectively. 

As previously mentioned, the results of table IV are for modal amplitudes and 
should not be confused with physical displacements of the system. Hie actual dis- 
placement at some position on the antenna is given by equation (4) (where the values 
of are given in table I). For example, if we assume that all six modes have an 
amplitude of 1 in., then the deflection in the y-direction at position 1 (fig. 1) 
would be given in inches by 


d„ . = (0.21 37) ( 1 ) + (0)(1 ) + (0.6703) (1 ) + (0) (1 ) + (-0. 1 131) ( 1 ) 

y r * 

+ (0.0045) ( 1 ) = 0.7754 

RESULTS AND DISCUSSION 

Results of the study are presented to illustrate the effect on control require- 
ments of (1) the number of modes controlled, (2) the number, type, and location of 
control actuators, and (3) variations in the closed-loop dynamics (oj^ , C^) of the 
control system. Although most of the results are limited to control of the three 
rigid-body rotation modes plus the first three vibration modes, the effect of adding 
up to three additional vibration modes and of including the three rigid-body transla- 
tion modes is also considered. As described in appendix A, the controls utilized are 
either control-moment gyros (CMG's) or reaction-control-system (RCS) jets. The con- 
trollers are three-axis devices aligned along the x-, y-, and z-directions (fig. 1). 
Although most of the results involve the use of decoupled controls, comparisons are 
also presented between decoupled results and those obtained with a linear quadratic 
regulator (LQR) approach. 


Typical Decoupled Responses 

Typical position and rate responses are shown in figure 4 for a six-control case 
with initial displacements of 0.01 rad in the rigid-body modes and 1 in. in each of 
the first three flexible modes. The closed-loop characteristics of these responses 
are given in table III, along with the B, F, and G matrices. As e^lained in 
the previous section on decoupled control, the data of figure 4 are simply linear, 
second-order responses at the specified damping ratio and frequency and would be the 
same for any six-actuator arrangement for which the control influence matrix is 
invertible (eq. (B4)). Also, if initial modal amplitudes were set at zero for any of 
the variables of figure 4, those variables and their rates would remain at zero, and 
the other responses would be as shown. 

Time histories of the control required to produce the responses of figure 4 are 
given in figure 5 for cases where either CMG (fig. 5(a)) or RCS (fig. 5(b)) actuators 
were used. Shewn also are time histories for cases where initial disturbances were 
either in the rigid-body modes alone or in the flexible modes alone. Hie control 
time histories of figure 5 are for the actuator arrangement of table III. 

The momentum and impulse time histories of figure 5 represent the total areas 
under the torque and force responses. Momentum and impulse, along with the maximum 
value for control inputs, are used in the report as a measure of control requirements 
when making various comparisons. 
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Consider the torque and force time histories of figure 5. The inputs at zero 
time are the result of rigid-body position gains, inasmuch as the flexible gains are 
zero because of the closed-loop requirement that the antenna vibrate at its natural 
frequency. Hie initial control peaks are caused by the flexible -mode rate feedback 
terms. Hie momentum and impulse histories of figure 5 indicate the predominant con- 
trollers for the various modes. For example, figure 5(a) shows that the CMG unit at 
position 2 is mainly used for rigid-body control. 


Initial-Condition Effects 

The control requirement results of figure 5 are summarized in the first three 
cases of table V. Shown are the maximum control inputs and the total impulse and 
momentum for the initial conditions of figure 5. The impulse and momentum values are 
the sums of those attained for each of the six controllers. Cases 4 through 9 of 
table V give results for initial displacements in the individual modes. 

Since the system equations are linear, the results of table V can be scaled to 
any constant positive multiple of the initial conditions shown. For example, a dis- 
turbance of 0.1 rad in the rigid-body modes would result in a peak force of 53 lb and 
an impulse of 1250 lb-sec. Note that adding the contributions due to rigid-body 
disturbances alone (case 1) to those due to flexible-mode disturbances (case 2) does 
not give the result of simultaneous disturbances in all modes (case 3). Although 
control requirements vary linearly with initial-condition variations, they may be 
dependent on the direction of the initial-condition disturbance, as is shown in 
cases 1 0 through 1 3 of table V. 

Consider the cases of table V which have initial conditions on only the rigid- 
body modes. Hie maximum control inputs for these cases occur at zero time (see 
fig. 5) and can be calculated from the initial conditions and the rigid-body position 
gains (first three columns) of the feedback matrices of table III. For example, 
consider case 1 of table V. Examination of the F matrix of table 111(b) shows that 
the peak force occurs in the first controller and can be calculated by using the 
first three gains in the first row as follows: 


f = (213 + 301 + 1 5) (0.01 ) = 5.3 lb 

X r \ 


Peak forces or torques for other combinations of initial rigid-body disturbances can 
be calculated in a similar manner. 

The rigid-body results given in table V are for initial disturbances in the 
rigid-body modes, and control is effected through use of the feedback matrix. Simi- 
lar results could be obtained if the initial rigid-body positions were set at zero 
and commanded to go to a nonzero condition. In this case, peak control inputs would 
result from the feedforward gains (G) of table III, and the control law would use 
both the F and G gain matrices. (For example, see ref. 2.) 

The results of table V should be considered only as examples of the individual 
and collective effects of initial-condition variations. Hie control requirements for 
a particular set of initial disturbances can only be determined by solving the system 
equations. In the remaining discussions of the report, initial conditions will 
either be 0.01 rad in the rigid-body modes or 1 in. in the flexible modes. 



Actuator Location Effects 


The effect on control requirements of actuator placement on the antenna will now 
be considered for six-control cases. The use of CMG-type controllers was limited to 
the four positions on the column shown in figure 1, inasmuch as these were the only 
locations for which mode slope data were available (table I). RCS controllers could 
be located on either the column or the hoop. Comparisons are limited to systems 
using two three-axis controllers of either the CMC or the RCS type with their axes 
aligned along the x-, y-, and z-directions of figure 1. That is, one- or two-axis 
controllers, combinations of CMC or RCS units, and gimbaled controllers were not 
considered. 

Positions 1 and 2 (top and bottom, respectively) on the column (fig. 1) were 
found to yield the lowest CMG control requirements. The results for this arrange- 
ment, as well as those for the two next best locations, are given in table VI. All 
other CMG locations on the mast required much higher values of torque and momentum. 

Consider the results shewn in table VI for which the flexible disturbances are 
zero. For these cases, the flexible modes add nothing to the feedback law because 
the modal displacements and rates remain at zero. Why then are the control require- 
ments different for each CMG arrangement? This occurs because each arrangement 
requires different rigid-body feedback gains so as not to disturb the flexible modes. 
Had only the rigid-body modes been controlled with one three-axis CMG, all positions 
on the column would have given identical results. 

The use of RCS-type controllers will now be considered. RCS controllers con- 
fined to the mast are excluded, since rigid-body rotations about the z-axis (fig. 1) 
of the antenna cannot be achieved with this arrangement. No combinations of RCS 
units on the column and hoop were found to be superior to the case where the RCS 
controls were placed only on the hoop. Figure 6 shows control requirements for cases 
where one three-axis RCS was located at position 5 (fig. 1) on the hoop and another 
three-axis RCS at various locations around the hoop. (The symbol 6 represents the 
separation angle between the actuators as measured from position 5. ) As the angle 
between the RCS's is reduced, a singular condition is approached, and the control 
requirements increase rapidly. The same is true as the separation angle approaches 
180°. For the rigid-body and flexible-mode disturbances chosen, figure 6 shows that 
the optimum separation angle between the RCS's is about 120° to 150°. The results of 
figure 6 are, of course, dependent on the magnitude and direction of the initial 
disturbance, as was shown in case 10 of table V for the RCS controllers at posi- 
tions 5 and 6. In the remainder of the report, RCS controls will be located at 
positions 5 and 6 when the effects on control requirements of changes in the closed- 
loop system dynamics are compared. 


Closed-Loop Damping-Ratio Effects 

Previous results of the report have used a closed-loop dancing ratio (C^) of 0.9 
for all modes. The effect on control requirements of variations in will now be 

considered for the CMG and RCS locations and closed-loop frequencies of table III. 

The effect of variations in the closed-loop frequency values of table III is pre- 
sented in a later section of the report. 

Figure 7 shows that for rigid-body disturbances, total momentum and impulse 
decrease as damping ratio is increased. Values of total momentum and impulse are 
approximately inversely proportional to the damping ratio. The magnitudes of peak 


torques and forces are constant, since they are caused by position feedback operating 
on the initial conditions, as previously described. 

Figure 8 shows that for flexible-mode disturbances, the control requirements are 
reduced as the damping ratio is reduced. The reduced damping ratio, of course, leads 
to an increase in time to damp the disturbances, as shewn in figure 8 (a). The time 
shown is that required to damp the first flexible mode to 1 percent and is indepen- 
dent of the controller type. The higher frequency modes would damp more rapidly for 
fixed damping ratios. 

The maximum torques and forces shown in figure 8 are basically caused by the 
damping terms in feedback and cannot be determined from initial conditions and the 
F matrix, as is the case for rigid-body disturbances. It should be noted that the 
F matrices of table III can be converted to approximate (by neglecting the natural 
damping term in eq. (B 6 ) ) the feedback matrix obtained for other values of by 

proper scaling of columns 7 through 12. For example, for 0.7 damping in the pitch 
mode, column 7 would be multiplied by 0. 7/0.9. 

Closed-loop damping-ratio effects can be summarized as follows: To minimize 

control requirements with respect to large values (0.9 or greater) should be 

used for the rigid-body rotation modes, but the flexible modes should be damped as 
lightly as is practical. The lower limit on flexible -mode damping would be deter- 
mined by mission requirements, since a reduction in damping leads to an increase in 
time to damp an initial disturbance. An additional method for reducing control 
requirements, which involves the introduction of lag into the feedback gains, is 
discussed in a later section of the report. 


Closed-Loop Frequency Effects 

The effect on control requirements of variations in closed-loop frequency will 
now be considered for six-control cases. As in the previous section, the results are 
for the CMG and RCS locations of table III. 

Figure 9 shows the effect on control requirements of changes in the rigid-body 
frequency for various combinations of initial disturbances in the rigid-body modes. 
The results of figure 9 are for a rigid-body damping ratio of 0.9, since this value 
results in nearly minimum total momentum and impulse (fig. 7). 

Figure 9 shows that the total momentum and impulse are linear functions of the 
rigid-body frequency for the combinations of initial disturbances shown. The peak 
values of torque and force are functions of the initial disturbances and the term 

which is included in the position feedback gain (eq. (B 6 )). As was the case with 
closed-loop damping ratio, the maximum control inputs of figure 9 can be determined 
from the feedback gain matrices of table III. For example, the peak force due to a 
rigid-body command in pitch (9 = 0.01 rad) for = 0.1 rad/sec comes from element 

F 4, 1 of the feedback matrix of table III and is given by 

f max = (-223) (0.01) = -2.23 lb 

The corresponding peak force for = 0.2 rad/sec would be 

(-2.23) (0.2) 2 /(0.1 ) 2 = 


1 2 


-8.92 lb 



as is shown in figure 9(b). Peak control inputs for other combinations of rigid-body 
disturbances and frequencies can be calculated in a similar manner. 

The rigid-body control requirements can be reduced by lowering the closed-loop 
frequency, but the time to damp an initial disturbance increases substantially, as 
shown in figure 10. Given is the time to damp an initial disturbance to 1 percent 
for = 0.9. Hie results shown are from time history computations but can be 

approximated for any closed-loop dynamics by the equation given in figure 10. 

All previously presented results have been for the case where the flexible modes 
have been allowed to vibrate at their natural frequencies = w n ). The effect on 

control requirements of changes in the flexible-mode closed-loop frequency will now 
be presented. Figure 11 gives results obtained when the three flexible-mode frequen- 
cies were either increased or decreased by a certain percentage of their natural 
frequency. (The = w n data correspond to previously given results for the con- 

troller arrangement of table III. ) 

Figure 11(a) shows total momentum and peak torque as a function of for 

various damping ratios for the six-torque case. As shown, the sensitivity to changes 
in vibration frequency (from ti> n ) increases as the damping ratio is reduced. In 
general, the lowest control requirements occur at = u) n . However, for damping 

ratios of 0.6 or greater, increases in the closed-loop frequency above 0 J n lead to 
some reduction in total momentum with little increase in peak torque. 

Figure 11(b) shows results of changes in the closed-loop vibration frequencies 
for the six-force case. The total impulse and peak force data of figure 11(b) follow 
similar trends to the previously discussed case using CMG controllers. 

Figure 12 shows the effect on control requirements of setting all three 
flexible-mode frequencies at the same value. It is interesting to note that the 
minimum RCS control requirements occur approximately at the value for the lowest 
flexible-mode natural frequency. This is also true for the peak torque requirement 
of the CMG actuators. The trend of decreasing total momentum and impulse with 
decreasing damping ratio (figs. 8 and 1 1 ) is reversed in figure 12. That is, greater 
damping in the flexible modes generally gives lower momentum and impulse require- 
ments. Also, for certain cases, the momentum and impulse requirements are competi- 
tive with those for which the vibration modes were left at their natural frequencies. 
For example, table VII compares CMG and RCS cases for which the vibration frequencies 
were all set at 1 rad/sec with a similar case for which the natural vibration mode 
frequencies were unchanged. For the RCS case of table VII with = 0.6, the total 

impulse is actually lower for = 1 rad/sec than for = U) n . 

The previous discussions have considered rigid-body and flexible modes individu- 
ally by varying their closed-loop dynamics (C^r Wj) and perturbing only the modes 
under consideration. What effect do the closed-loop dynamics of the unperturbed 
modes have on control requirements? For the idealized (perfect knowledge of antenna 
dynamics, no residual modes, perfect feedback measurements, etc. ) results shown in 
the analysis, the unperturbed mode dynamics have no effect on control requirements, 
since the decoupling procedure does not disturb these modes. 


Effect of Additional Modes on Control Requirements 

Previously presented results have related to control of the rigid-body rotation 
modes and the first three flexible modes. The effect on control requirements of 
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including up to three additional flexible modes in the control law will new be con- 
sidered. Results are limited to the case of CMG-type actuators located on the 
antenna column. 

Results are summarized in table VIII for control of from six to nine modes. The 
desired closed-loop dynamics are given in the table, and results are shown for vari- 
ous combinations of initial disturbances in the rigid-body and flexible modes. The 
results of table VIII can be scaled to other initial conditions, as previously 
described. 

Case 1 of table VIII is the previously discussed six-control case and is given 
for comparison. All other cases contain the CMG actuators for this case, plus addi- 
tional actuators. Cases 2, 3, and 4 of table VIII give the minimum control require- 
ments with respect to peak torque and total momentum for seven, eight, and nine 
controlled modes, respectively. (The F matrices and the nonzero portion of the 
B matrices are given in table IX for these cases.) Cases 5 to 7 were the next best 
controller arrangements found. (Replacing T x 3 with T x 4 gave virtually the same 
control requirements for the nine-control case’as those of'ease 4 in table VIII.) 
Other actuator arrangements either gave an uncontrollable condition, or else the 
torque and momentum were orders of magnitude greater than those shown. 

Consider case 2, the seven-control case, of table VIII as conpared with the six- 
control case. Although the rigid-body control requirements increase only slightly, 
there is a large increase for initial disturbances in all flexible modes. (Note that 
for cases 2 and 3, including initial disturbances in the first three flexible modes 
only does not increase the control requirements substantially.) Case 3 of table VIII 
shows that inclusion of the eighth mode results in only slight increase in control 
requirements. However, the nine-mode case shews large increases in both rigid-body 
and flexible -mode control requirements. 

Various approaches can be used to reduce the control requirements given in 
table VIII. The most obvious way is to reduce the damping in the flexible modes. 
Another method, which introduces time delays (lag) into the feedback gain matrix, 
will now be discussed. 


Effects of Feedback Lag 

An important characteristic of decoupled control is that columns of the feedback 
(or feedforward) gain matrix can be altered without affecting the decoupling process. 
The desired dynamics will be changed, but the system will still be decoupled. For 
example, multiplying a column corresponding to a particular rate feedback by a con- 
stant changes the desired damping ratio by that constant. (See eq. (B6).) Columns 
of the gain matrix can also be multiplied by time-varying quantities without affect- 
ing the decoupling. This approach was used to investigate the effect on control 
requirements of introducing time lag into the feedback matrix. 

Time histories of the standard six-torque case of table III with and without lag 
are shewn in figure 13. Figure 13(a) is for rigid-body disturbances with 
t = 20 sec, and figure 13(b) is for flexible-mode disturbances with T = 1 0 sec. Lag 
was introduced by multiplying the F matrix of table III by the quantity 
(1 - e t / T ). The overall effect is that the closed-loop dartping ratios increase from 
their natural values to 0.9, and the rigid-body frequencies rise from zero to 
0.1 rad/sec as time increases. Note that, for both rigid-body and flexible distur- 
bances, the peak torque and total momentum are reduced for the lagged cases of fig- 


ure 1 3. The reduced control requirements do, hcwever, result in an increased time to 
damp, as illustrated in the time histories in figure 13(b) and as shown in the fol- 
lowing discussion. 

Figure 1 4 shews the effect on control requirements of various lag times for the 
six-torque case of table III. Figure 14(a) gives results for rigid-body distur- 
bances. Note that reductions in momentum and peak torque can be achieved with little 
increase in the time required to damp the initial disturbance. 

Figure 14(b) gives results for disturbances in the flexible modes with the time- 
to-damp curve corresponding to the first flexible mode. As previously shown in fig- 
ure 8(b), momentum and peak torque can also be lowered by reducing the closed-loop 
damping ratio in the flexible modes. For comparison purposes between reduced damping 
ratio and lag, suppose that it is desired to damp the first flexible mode to 1 per- 
cent in 20 sec. From figure 8(a), this would require =0.3 and would result in 

a momentum and peak torque of 2640 ft-lb-sec and 154 ft-lb, respectively. Fig- 
ure 14(b) shows that i = 22.5 sec would damp the mode in 20 sec and would result in 
momentum of 2480 ft-lb-sec and peak torque of 96 ft-lb. Thus, for this example, lag 
is more effective than reduced damping ratio. 

Table X gives results for the eight-control case (case 3, table VIII) using lag, 
reduced flexible -mode damping, and combined lag and reduced damping. As shown in 
table X, significant reductions in control requirements are achieved, with the best 
result occurring in the case of reduced danping combined with lag. For this case, 
the 10-sec time constant increased the time to damp A^ (to 1 percent) from 1 0 to 
about 18 sec. 


Comparisons of Decoupled and Linear Quadratic Regulator Results 

Control requirement comparisons are given in table XI for cases using the linear 
quadratic regulator (LQR) and decoupled approaches. The results shewn are for three- 
axis CMG controllers at positions 1 and 2 on the antenna column. Hie procedure used 
for the LQR cases was to adjust the state variable weightings in the minimization 
function (diagonal of Q in eq. (11)) such that several sets of desired closed-loop 
dynamics were obtained. (The identity matrix was used for P. ) The resultant damp- 
ing ratios and undairped frequencies (C^ and u)^) were then used as inputs to the 
decoupling program to calculate the decoupled gains. Thus, the closed-loop dynamics 
shown in table XI were identical for the LQR and decoupled comparison cases. 

For all cases shown in table XI, the rigid-body modes have frequencies of about 
0.1 rad/sec and danping ratios of about 0.9. The flexible-mode frequencies are near 
their natural values with damping ratios of about 0.9, 0.5, and 0.1 for cases 1, 2, 
and 3, respectively. The weightings (Q) required to obtain the dynamics shown in 
table XI, the associated LQR gains (K), and the decoupled feedback gains (F) are 
given in table XII. The B matrix is the same as that for the CMG case of 
table III. 

Consider the cases shown in table XI with rigid-body disturbances. The total 
momentum results are comparable for the LQR and decoupled approaches, but the peak 
torques are lower for the LQR cases. For flexible disturbances, the peak torques are 
about the same, with the momentum being somewhat smaller for the LQR cases. Compari- 
sons are also given in table XI for combined rigid-body and flexible disturbances. 


Although the results of table XI tend to favor the LQR approach with respect to 
control requirements, the decoupled approach has advantages in other areas. For 
example, the decoupled feedback gains are confuted in closed form and yield the exact 
desired closed-loop dynamics, but the LQR approach requires an iterative solution to 
obtain approximate desired closed-loop dynamics. Also, the decoupled gains give a 
known transient and steady-state response, whereas only the steady-state response is 
known by use of the LQR method. This is illustrated in figure 15 for case 2 of 
table XI. Shown are position, torque, and momentum responses for both rigid-body 
{fig. 15(a)) and flexible-mode (fig. 15(b)) disturbances. Note the transient excur- 
sions in the flexible-mode amplitudes in figure 1 5(a) and in the rigid-body attitude 
angles in figure 15(b) for the LQR cases. 

The preceding comparisons are not intended to favor the LQR or the decoupled 
approach, since either method could be made superior for a given set of closed-loop 
dynamics. For example, lag could be introduced into the decoupled feedback gain 
matrix to produce reduced control requirements. The LQR results could also be 
improved with time-varying gains or by a judicious choice of weightings (P) on the 
control variables of equation (11). The results are only intended to show that for 
the conditions of table XI, the decoupled results are competitive with the LQR 
results. Further study of the two methods is warranted for the effects of spillover 
when residual modes are included in the analysis. Also, the two methods should be 
compared for the more practical situation where observers are incorporated into the 
control law design to estimate the required state variables. 


Control of Rigid-Body Translation 

Previously presented results have neglected the translation of the antenna cen- 
ter of gravity. This is adequate for angular -momentum-type (CMG) controllers but not 
for thruster (RCS) controllers. Results which include center-of -gravity translation 
effects will now be presented. The results are not intended as representative of 
control requirements for orbit changes, since more efficient methods exist for these 
maneuvers. 

Translation modes (eq. (2) ) were included by assuming that a three-axis RCS 
controller was located on the antenna column at the center of gravity such that it 
introduced no rotations. Since no modal data were available at this location, the 
data of table I at position 4 (near the c.g. ) were used to approximate the effect of 
the flexible modes on the control requirements. Two controller arrangements were 
considered. In one case, three-axis RCS actuators were located at the c.g. and at 
positions 5 and 6. This was done for comparison with the standard six-mode RCS 
results previously presented. The second case used the c.g. thrusters along with 
three-axis CMG's at positions 1 and 2 for comparison with the previously given six- 
mode CMG results. In both cases, the modes controlled are the three translation, 
three rotation, and first three vibration modes. The nonzero rows (last 9) of the 
B matrix, the F matrix, and the associated state vector are given in table XIII 
for each of the cases considered. 

Results for the previously described controller arrangements are given in 
table XIV for various combinations of rotation, translation, and flexible -mode 
initial conditions. Cases 1 and 2 of table XIV should be compared with cases 1 and 2 
of table V to see the effects of adding c.g. control. Note that CMG control require- 
ments are the same for cases 1 and 2 of tables XIV and V, since momentum devices do 
not cause translations of the antenna c.g. Cases 3 through 6 of table XIV show the 
effects of rigid-body translation commands. The arrangement which includes the six 



CMG controllers provides the lowest RCS control requirements; however, some CMG con- 
trol is required to maintain undisturbed vibrations. 

The results of table XIV can be scaled to other initial conditions, as previ- 
ously described. Also, the results (cases 3 to 6) can be scaled to other 
translation-mode closed-loop frequencies, as was the case with rotation modes. That 
is, the impulse and momentum are nearly linear functions of u> , and the peak forces 

2 FD 

and torques are functions of (o rtj . 


CONCLUDING REMARKS 

A study has been conducted of the feasibility of employing decoupling procedures 
to control a large flexible space antenna. Control involved commanding changes in 
the rigid-body modes or nulling initial disturbances in the flexible modes. The 
study was intended to provide preliminary engineering-type data, in parametric form, 
which would be useful in the final design of large space antenna control systems. 

The data illustrate the effect on control requirements of the number of modes con- 
trolled; of the number, type, and location of control actuators; and of variations in 
the closed-loop dynamics (frequency and damping ratio) of the control system. A 
brief analysis was also included which compared decoupled-control results with those 
obtained by using a linear quadratic regulator (LQR) approach. Observation based on 
the study indicates the following; 

1. The location of controllers has a large effect on control requirements. For 
the limited amount of modal slope data, the best locations for two three-axis 
control-moment gyros (CMG's) were at the top and bottom of the column. When 
reaction-control-system (RCS) controllers were used, the lowest control requirements 
were obtained with the RCS units on the hoop. The optimum separation angle for two 
three-axis RCS units on the hoop was about 120° to 150°. 

2. To minimize control requirements with respect to the selection of closed-loop 
damping ratio, large values (0.9 or greater) should be used for the rigid-body rota- 
tion modes, whereas the flexible modes should be damped as lightly as is practical. 
The lower limit on flexible-mode damping would be determined by mission requirements 
regarding the time to damp initial disturbances. 

3. With regard to selecting the closed-loop frequency, rigid-body control 
requirements can be reduced by lowering the frequency; however, the time to damp an 
initial disturbance increases substantially. For vibration control, maintaining the 
closed-loop flexible-mode frequencies at their natural frequencies generally results 
in the lowest control requirements. 

4. Increasing the number of flexible modes to be controlled (and the number of 
actuators) led to an increase in the control requirements. The increase was dramatic 
when the sixth flexible mode (nine controllers required) was added to the control 
law. 


5. When a three-axis RCS controller was added at the center of gravity to con- 
trol rigid-body translations, the arrangement which included six CMG controllers pro- 
vided the lowest RCS control requirements. However, some CMG control was required to 
maintain undisturbed vibrations. 

6. Incorporating lag into the feedback gains was an effective method of reducing 
control requirements without adversely affecting the decoupled performance. The 
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addition of lag gives an effect similar to that of lowering the closed-loop damping 
ratios. 

7. For the present idealized cases, the decoupled-control results were compara- 
ble with LQR results with respect to control requirements. Further study of the two 
methods is warranted for the effects of spillover when residual modes are included in 
the analysis. Also, the two methods should be compared for the more practical situa- 
tion where observers are incorporated into the control law design to estimate the 
required state variables. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
March 14, 1984 
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APPENDIX A 


CONTROLLER ARRANGEMENT EXAMPLES 

Controllers used in the analysis were either control-moment gyros (CMG's) or 
reaction-control-system (RCS) thrusters. Hie controllers were assumed to be perfect, 
in that no actuator dynamics were included in the analysis. Hiey were used in a 
three-axis arrangement at points on the antenna such that control torques or forces 
were about the x-, y-, and z-directions as defined in figure 1. Hie manner in which 
the controllers were incorporated into the equations of motion is described below. 

Consider the case of a three-axis RCS device located on the antenna column or 
hoop. Hie rigid-body rotation equations are given by 


a = 


C 

f, 

; Jfy} 




( A1 ) 


where a = [9, <(>, ip] and 


I = 


0 -I 


xz 


0 10 

y 


-i o 

_ xz 


Z 


For forces on the column at a distance 1 above the center of gravity (fig. 1), 


-X 0 


L = 


0 0 


(A2) 
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For forces at an angle 6 on the hoop (fig. 1), 


L = 


-SL 


r sin 6 


-r cos 6 


(A3) 


-r sin 6 r cos 6 0 


For the case of a three-axis CMG controller on the column, the rotation equations are 
given by 



(A4) 


If more than^three controllers are used, the control vector dimension increases, 
and the L and I matrices must be adjusted to be compatible with the controller 
arrangements, as shown in the following examples: 


Consider the case of two three-axis RCS controllers located at positions 5 
(6 = 0°) and 6(6= 90°) on the antenna hoop. The rigid-body rotation equations are 
given by 


0 


a 



0 


r 


0 * z r 


-JL 


-r 


0 0 
0 0 


(A5) 


where f = [f , f 

, x, 5 y, 5 
are given by 


z,5' 


f f f J 

x,6 y,6 z,6 


The first three vibration modes 
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2 C .to A 

n, 1 n, 1 1 

A 2 

>- -< 

2C _ A 

n, 2 n , 2 2 
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2C ,0) ^ A 
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n, 1 1 


2 

n, 2 2 
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> ( U 
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t> (2) 

x,5 

)> (3) 
x, 5 


♦ 


(1 ) 

y,5 






i 



<t> 



3 


(A6) 
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The superscripts on the mode shapes refer to the mode number, and the values are 
given in table I. For example $^5 = °*2294 and = _0 * 4 889. (Note that 

each element of the mode shape matrix is divided by the appropriate modal mass. ) 

Now consider three-axis CMG controllers at positions 1 and 2 on the column. The 
rotation equations are given by 


a 




(A7) 


where T 


T 

pT , T , T , T . T . T “I . The vibration equations would be 
( x, 1 y , 1 z , 1 x , 2 y , 2 z, 2_J 


the same as 
replaced by 
locations 1 


equations (A6) with f 
the mode slope matrix 
and 2. For example, 


4 > 


replaced by T and the 
<{) ' . The elements of <))' 
= 0.2253 x 10 -3 . 


mode shape matrix <j> 
come from table I at 
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EXAMPLES OF DECOUPLING PROCEDURE 

Decoupled gain matrix calculations are given below for the two most extensively 
studied actuator arrangements of the analysis. The first example uses two three-axis 
RCS controllers (six controls) located at positions 5 and 6 on the antenna hoop 
(fig. 1), and the second uses three-axis CMG controllers at positions 1 and 2 on the 
column. In each case, the controlled modes are the three rigid-body rotations and 
the first three flexible modes. Extensions to other actuator arrangements and to 
other controlled modes are straightforward. 

Consider the RCS controller case of appendix A. Equations (A5) and (A6) can be 
written in state-vector notation as 


" 0 

6x6 

1 I 

6x6 

1 


°6x6 



- - - 

| 

X 1 2xl + 

R 3x6 

i r = Ax + Bf 

6X1 

( B1 ) 

_“ A 6x6 

1 6 X 6 

1 2X1 2 

_^3x6 

1 2x6 



where the subscripts indicate the dimensions of the various elements, and 


X = 

e. 

<t>, (|>, A^ , A 2 , A 3 , 

• • • • • • 

4>/ 4*» A ^ A^ 

T 

0 


null matrix 



I 


identity matrix 



A 


= diag^O, 0, 0, 

2 2 2 \ 

w , 0) , 0) 1 

n, 1 n, 2 n, 3/ 


D 


= diag^O, 0, 0, 

2C , w , 2C _ , 

n , 1 n,1 n, 2 n, 2 

- 2C w 

n, 3 n. 


_-1 

matrix obtained from equation (A5) by multiplying I by the 3 * 6 lever 
arm matrix 


$> 

f 


mode shape matrix of equations (A6) 
defined in equation (A5) 


The output quantities to be decoupled are the first six elements of x. The 
decoupling procedure of reference 9 involves the time differentiation of the output 
variables until control quantities appear explicitly in the expression for y. The 
associated command v is then defined to give the desired transfer function between 
v and y and to permit solving for the control law in the form of equation (7) of 
the section on decoupled control. 
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Consider 9, the first variable to be decoupled: 


y 


1 


= e 


y 1 = 0 = (Row 7 of B)f 


We new add the desired second-order dynamics <(jJ d 0( C d g) to both sides of equa- 
tion (B2) and define this to be the command in pitch angle as follows: 


Ye 


2 ^d,e a) d,e Y 9 + w d,e y e 2 ^d,e“d f e 0 


+ u d,e e 


+ (Row 7 of B) f = to, Q0, 

d , U d 


Note that we are commanding a second-order response in pitch angle and that the 
command must be scaled to the desired frequency. Performing the above operations 
the entire output vector gives 


R 





^ 6x1 + 

6x6 

\x6 

°6x6 


6x12 




/ 2 2 2 2 2 2 
where A = diag u. n , w, w. ,, la . » , w J . , « 


^d, 9' “d,*' d, <!>' d, ’ w d,A 


A 


A = A - A 

a 


D - diag^2C df0 w df0 , 2 C d/A3 U dfA _ ' D 


If the inverse of the control influence matrix 


S> 


of equation (B4) exists, 


then the equation can be solved for the controls in the following form: 


f = F x + G v 

6xi 6x1 2 1 2 xi 6x6 6x1 


where 


6xi 2 
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A | D 
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(B4 ) 


(B5 ) 


(B6) 
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and 


G 6X6 


R 


-1 



6x6 


(B7 ) 


The elements of R and <5 are as defined in equations (A5) and (A6), respec- 
tively, of appendix A. For example, from tables I and II and figure 1, 

R ( 1 , 2) = SL = 677 in., and <£(2,1) = <t>P2 /m, = 0.2 294/1 53. 1 57. Note that the 
Z X/ O I 

r r -) 


matrix of equation (B6) is composed of only the nonzero rows of the B 


L <£ J 


matrix of equation (B1). For the CMG controller case, the R matrix is replaced by 
the inertia matrix of equation (A7), and the mode shape matrix is replaced by the 
mode slope matrix, as explained in appendix A. 


matrices are given in table III for the previously discussed 


The B, F, and 
RCS and CMG cases. 

U j \J 

were set at 0.1 rad/sec, and the desired flexible-mode frequencies were taken to be 


For these cases, the desired rigid-body frequencies (e.g., Wj q) 


the natural vibration frequencies of table II (e.g.. 


to 


d , A 


= (*>_ . ) . 

n, 1 


The desired 


damping ratio for all modes was 0.9. The gain matrices of table III and of similar 
tables in the report are for the inch, pound, second system of units. 
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TABLE II.- ANTENNA CHARACTERISTICS 

I x = 1.9577 x io 10 lb-in 2 ; I = 1.9566 x io 10 lb-in 2 ; 
I z = 1.499 x io 10 lb-in 2 ; I xz = 0.8357 x io 8 lb-in 2 ; 

w = 10 020.3 lb 



*V rad /sec 

T n , sec 

^n 

m n , lb-sec /in 

1 

0.7466 

8.42 

0.01 

153.157 

2 

1 .346 

4.67 

.01 

5.233 

3 

1 .7025 

3.69 

.01 

3.073 

4 

3.1813 

1 .98 

.01 

.3046 

5 

4.5294 

1 .39 

.02 

1 .993 

6 

5.5905 

1.12 

.02 

723.522 
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TABLE III.- B, F, AND G MATRICES FOR SIX-CONTROL CASE OF APPENDIX 
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(b) Three-axis RCS controllers at positions 5 and 6 (fig 
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TABLE IV.- ANTENNA RESPONSE TO STEP INPUTS 


[1-in-lb torque or 1-lb force] 


Mode 

For $ = ($>' =1 

A s , in. 

A s , in. 

in * 

• 

\ax' in / sec 

For <b 

' T max 1 
on noop 

For 4> 

. max 
on column 

1 

0.0117 

0.023 

0.0086 

0.0117 

0.21 x io -3 


.1054 

.208 

.140 

.0573 

.20 x 10" 3 


.11 23 

.221 

.188 

.0549 

.21 x 10 -3 


.3244 

.639 

1 .016 

.0236 

.15 x 10“ 4 

5 

.0245 

.048 

.109 

.0030 

.11 x 10 -3 

6 

.0044 x 10 -2 

.087 x 10“ 3 

.243 x IQ' 3 

.0044 x 10" 2 

.43 x io " 5 


TABLE V.- INITIAL-CONDITION EFFECTS ON CONTROL REQUIREMENTS 


[C, = 0 . 9 ; oj , = 0.1 rad/sec; u) = w ] 

d rb flex n 



Initial conditions 

Control requirements 

Case 

Rigid-body, rad 

Flexible 

, in. 

Three-axis RCS at 
5 and 6 on hoop 

positions 
(fig. 1) 

Three-axis CMG at positions 
1 and 2 on column (fig. 1) 


e 

D 


A 1 

A 2 

A 3 

n 

Impulse, 

lb-sec 

l T maxl' ft " lb 

Momentum, 

ft-lb-sec 

1 

0.01 

0.01 

0.01 

0 

0 

0 

5.3 


1 25 

390 

9 

217 

mm 

0 

0 

0 

1 

1 

1 

74 


653 

278 

3 

878 

B 

.01 

.01 

.01 

1 

1 

1 

76 


766 

621 

10 

339 

l 

.01 

0 

0 

0 

0 

0 

2.2 


84 

389 

3 

250 

5 

0 

.01 

0 

0 

0 

0 

3.0 


34 

390 

3 

340 

6 

0 

0 

.01 

0 

0 

0 

.8 


22 

324 

2 

578 

7 

0 

0 

0 

1 

0 

0 

82 


697 

278 

2 

140 

8 

0 

0 

0 

0 

1 

0 

17 


42 

265 

1 

003 


0 

0 

0 

0 

0 

1 

16 


91 

251 


761 


-.01 

.01 

-.01 

0 

0 

0 

3.0 


92 

390 

9 

217 


0 

0 

0 

-1 

1 

1 

93 


745 

280 

3 

555 


-.01 

-.01 

-.01 

0 

0 

0 

5.3 


125 

390 

9 

217 


0 

0 

0 

-1 

-1 

-1 

93 


829 

278 

3 

878 
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TABLE VI.- CONTROL REQUIREMENTS FOR CMG LOCATIONS ON COLUMN 
[Cj = 0.9; = 0.1 rad/sec; = to ] 


Actuator 

locations 


Initial conditions 

Control requirements 

Rigid-body, rad 

Flexible, in. 

1 T max 1 ' 
ft- lb 

M, 

ft- lb-sec 

0.01 

0 

390 

9 217 

.01 

0 

581 

13 281 

.01 

0 

825 

17 128 

0 

1 

278 

3 878 

0 

1 

495 

5 102 

0 

1 

702 

6 507 


TABLE VII.- FLEXIBLE-MODE CONTROL REQUIREMENTS FOR 

to, = 1 rad/sec AND u ), = w 
d d n 

Table III controller arrangements; = 0.6; 

Initial disturbances = 1 in . II 


Parameter 

= 1 rad/sec 

0? 

II 

l T maxl' ft ~ lb 

318 

233 

Momentum, ft-lb-sec ... 

3780 

3000 

1 f max ! ' lb 

108 

65 

Impulse, lb-sec 

521 

535 



















TABLE VIII.- EFFECT OF ADDITIONAL MODES ON CONTROL REQUIREMENTS 


Controllers 1 through 6 are three-axis CMG's at positions 1 and 2 (fig. 1); 

0 ) =0.1 rad/sec; w = w ; C = 0.9 

rb flex n d 


Case 


Controller 

Initial conditions 

Control requirements 

Modes 

controlled 

■ 

8 

9 

Rigid-body, 

Flexible, in. 

T 

1 max 1 ' 
ft- lb 

Momentum, 
f t-lb-sec 

rad 

A 1 _A 3 

A 4 

A 5 

A 6 

1 

6 




0.01 

0 

0 

1 

1 

1 

1 

390 

278 

9 217 
3 878 

2 

7 

T z,3 



0.01 

0 

0 

0 

1 

1 

0 

0 

1 

1 

1 

390 
278 
2 917 

10 341 
4 311 
8 379 

3 

8 

T x,3 

T z,3 


0.01 

0 

0 

0 

0 

1 

1 

1 

0 

0 

1 

1 

0 

0 

0 

1 

1 

390 
265 
2 917 
2 917 

10 342 
4 199 
8 267 
8 539 

4 

9 

T x,3 

T z,3 

1 

0.01 

0 

0 

0 

0 

0 

1 

1 

1 

1 

0 

0 

1 

1 

1 

0 

0 

0 

1 

1 

0 

0 

0 

0 

1 

28 313 
23 268 
50 551 
50 513 
1.503 x 10 8 

467 869 
165 298 
181 456 
181 689 
1.515 x io 8 

5 

7 

T z,4 



0.01 

0 

0 

1 

0 

1 

■ 

1 

1 

■ 

11 218 
10 068 

6 

8 

T x,3 

■ 

B 

0.01 

0 

0 

1 

0 

1 

0 

1 

1 

390 
3 791 

11 218 
10 068 

H 

8 

T z,3 

B 

B 

0.01 

0 

0 

1 

0 

1 

0 

1 

1 

390 
2 918 

10 342 
8 546 
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TABLE IX.- B AND F MATRICES FOR SEVEN, EIGHT, AND NINE CONTROLLED MODES USING 

CMG'S (CASES 2 , 3 , AND 4 OF TABLE VIII) 
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(b) Eight controlled modes 
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Concluded 






































TABLE XI.- COMPARISON OF DECOUPLED AND LQR RESULTS 
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TABLE XII.- Continued 
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(b) CMG controllers at positions 1 and 2 and RCS controllers at position 
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Figure 4.- Decoupled responses in position and rate for typical six-control 
case. C = 0.9; w = 0.1 rad/sec; u = u . 
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Figure 7.- Effect of closed-loop damping ratio on rigid-body 
control requirements. Table III controller arrangements; 
Initial disturbances = 0.01 rad. 
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(b) RCS controllers. 
Figure 9.- Concluded. 
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Figure 10.- Variation of time to damp to 1 percent of initial 
disturbance with rigid-body frequency. C =0.9. 
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(a) CMG controllers. 

Figure 11.- Effect of flexible-mode closed-loop frequency 
on control requirements. Table III control arrangements 
Initial flexible-mode disturbances = 1 in. 
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(a) CMG controllers. 

Figure 12.- Effect on control requirements of using the same 
closed-loop frequency for all flexible modes. Table III 
actuator arrangements; Initial disturbances = 1 in. 
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(a) Rigid-body disturbances. 

Figure 13.- Typical responses with and without time delay for CMG case 

of table III. 
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(a) Continued, 


Figure 1 3 Continued 
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(b) Flexible-mode disturbances. 


Figure 13.- Continued 







Time, sec 


Time, sec 


(b) Continued. 


Figure 13.- Continued 
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(b) Concluded. 


13.- Concluded 
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(b) Flexible-mode disturbances 
Figure 14.- Concluded. 
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